In highly seasonal environments, offspring production by vertebrates is timed to coincide with the annual peak of resource availability. For herbivores, this resource peak is represented by the annual onset and progression of the plant growth season. As plant phenology advances in response to climatic warming, there is potential for development of a mismatch between the peak of resource demands by reproducing herbivores and the peak of resource availability. For migratory herbivores, such as caribou, development of a trophic mismatch is particularly likely because the timing of their seasonal migration to summer ranges, where calves are born, is cued by changes in day length, while onset of the plantgrowing season on the same ranges is cued by local temperatures. Using data collected since 1993 on timing of calving by caribou and timing of plant growth in West Greenland, we document the consequences for reproductive success of a developing trophic mismatch between caribou and their forage plants. As mean spring temperatures at our study site have risen by more than 48C, caribou have not kept pace with advancement of the plant-growing season on their calving range. As a consequence, offspring mortality has risen and offspring production has dropped fourfold.
INTRODUCTION
Recent studies of the effects of climate change on timing of breeding and reproductive success in migratory birds have focused attention on the phenomenon of trophic mismatch between the timing of nesting and the timing of food availability (Visser et al. 1998) , which may reduce breeding success (Stevenson & Bryant 2000) . Such a mismatch occurs because increases in springtime temperatures lead to advances in the timing of spring events such as plant growth and insect emergence on breeding grounds (Visser & Holleman 2001) , while timing of migration from winter areas, which may be cued by seasonal changes in length of daylight, remains constant (Visser et al. 1998) . Alternatively, trophic mismatch may increase if organisms on different trophic levels display differential plasticity in their responses to similar changes in climate (Høye et al. 2007) . The ultimate consequence of trophic mismatch is population decline, due to reproductive failure or reduced recruitment, as has been documented in some European populations of the pied flycatcher (Ficedula hypoleuca; Both et al. 2006) . Such mechanistic insights into indirect consequences of climate change for population dynamics are possible only through simultaneous studies at multiple trophic levels (Gunn & Skogland 1997) .
As in other seasonal environments, herbivores in the Arctic display seasonal reproduction which is timed to coincide with a highly pulsed peak in resource availability (Post 2003a) . Caribou and wild reindeer (both Rangifer tarandus), for instance, exhibit highly synchronous parturition that coincides with the onset of the plant-growing season (Skogland 1989; Post & Klein 1999; Post et al. 2003) . However, both the timing and duration of the plant-growing season are expected to respond to climate change in the Arctic (Molau 1997) , with the onset beginning earlier and the duration possibly shortening as abiotic constraints on phenological progression are alleviated (Post et al. 2001, in press) . Indeed, numerous studies have already documented shifts in the timing of plant growth at high latitudes associated with recent climate change (Walther et al. 2002; Post 2003b; Forchhammer et al. 2005) . There is, therefore, potential for development of a trophic mismatch between the timing of caribou arrival on their calving ranges and the timing of peak resource availability on-site. Such a trophic mismatch could have negative consequences for offspring production and survival in mammalian herbivores such as caribou because the energetic demands of lactation, which would otherwise be met by intake of newly emergent plant tissue at peak nutritional value, are the highest resource demands of the annual reproductive cycle (Robbins 1983; Clutton-Brock 1991) .
Numerous recent studies have focused on adverse effects of recent climate change on caribou populations throughout the Arctic. In the High Arctic of Canada, a population of the endangered Peary caribou (Rangifer tarandus pearyi ) recently experienced a catastrophic and near-total population crash associated with increasing winter snow and ice crust formation consistent with climate change projections (Miller & Gunn 2003) .
As well, the dynamics of multiple populations of caribou in West Greenland have become synchronized towards the end of the twentieth century in response to rising winter temperatures (Post & Forchhammer 2004) . Furthermore, dynamics of caribou and reindeer populations throughout the Northern Hemisphere respond to fluctuations in the North Atlantic Oscillation/Arctic Oscillation (Forchhammer et al. 2002; Post 2005) , and in some cases are entrained to the point of highly synchronous dynamics across distances of thousands of kilometres (Post & Forchhammer 2006) . Such climateinduced synchrony represents a potentially adverse consequence of climate change because synchronously fluctuating populations face a greater risk of global extinction than do independently fluctuating populations (Palmquist & Lundberg 1998) .
While these examples suggest direct adverse effects of climate change on caribou populations, it is also possible that increasing temperatures and associated changes in precipitation may influence caribou populations indirectly through changes in the timing of plant growth (Gunn & Skogland 1997) . Caribou migrate between seasonal ranges and time their migration to calving ranges to coincide with the timing of emergence of nutritious, highly digestible forage plants, which is crucial to the successful provisioning of newborn calves by female caribou (Gunn & Skogland 1997 ). To our knowledge, however, no study has yet demonstrated the consequences of trophic mismatch for offspring production and survival in caribou or wild reindeer. In fact, the only study to date that has explicitly addressed trophic mismatch in a mammalian herbivore focused on Soay sheep (Ovis aries) on the Scottish island of Hirta (Durant et al. 2005) . That study found no evidence for an effect of trophic mismatch on offspring survival in Soay sheep, however, presumably because resource dynamics on Hirta are only weakly seasonal (Durant et al. 2005) . Our focus was therefore to investigate the interaction between trophic mismatch and reproductive success in a system where the potential for its development was high: an Arctic plant-herbivore system.
STUDY SITE AND METHODS
(a) Caribou calving Since 1993, we have collected data during six summers (1993, (2002) (2003) (2004) (2005) (2006) on the annual timing and progression of the calving season in the Kangerlussuaq population of caribou in West Greenland. Each year, we have visited our field site beginning in mid-to late May and recorded numbers of adult female caribou and calves on a daily to near-daily basis.
This population occupies low Arctic coastal and inland ranges in West Greenland, in the area bounded by the Davis Strait to the west, the Inland Ice to the east, Nordre Isortoq River to the north and Sukkertoppen Icecap to the south (66-678 N, 50-528 W; Bøving & Post 1997) . During and following the calving season, the Kangerlussuaq population occupies the furthest eastern inland portion of its range, at the western edge of the Inland Ice ( Thing 1984; Bøving & Post 1997 ). This area is characterized by a dry, continental climate with mean daily minimum and maximum temperatures during the calving and post-calving seasons (late May-late June) of 1.6 and 12.58C, respectively ( Thing 1984) .
Annually, we have quantified the seasonal progression of births in this population according to Caughley's 'Indirect Method A' (Caughley 1977) and its modification for wild populations, for which capture is not necessary (Caughley & Caughley 1974 ). According to this method, we observe groups of pre-parturient and parturient female caribou on a daily or near-daily basis. Our efforts have focused on observing congregations of females in areas where they occur predictably. A minimum of 50 and an average of 100-200 adult females are observed each day. On each day of observation, using spotting scopes and binoculars from elevated vantage points, we record the numbers of adult females and calves observed. Animals under observation are not aware of our presence.
The onset and progression of the calving season is recorded as the daily proportions of calves (calves/(adult femalesCcalves)) observed ( Post et al. 2003) . These observations display a clear sigmoidal pattern when plotted against 'day of year', indicating a gradual start to, rapid increase in, and levelling off of, numbers of calves produced per day. The proportion of calves observed invariably declines from the maximum observed at peak calving as early mortality occurs ( Post et al. 2003) . Our observations continue each year as long as caribou are present in the core calving area and extend several days after caribou have migrated out of the calving area. The last count of calves observed in late June to early July each year is considered the final proportion of calves produced for the season. It has been estimated that 85% of caribou calf mortality occurs within 8 days of birth (Adams et al. 1995) , with up to 75% of calf mortality occurring within 48 hours of birth ( Whitten et al. 1992) .
Daily estimates of proportion calves are converted to daily estimates of per cent births in the population according to Caughley & Caughley (1974) and Caughley (1977) . The date on which we observe the maximum proportion calves is considered to be the date of 100% births, i.e. the date on which all females that will give birth in a given year have given birth. The proportion of the annual total of the number of births observed on any given day is then quantified as
ð2:1Þ in which p i is proportion calves on date i and p max is maximum proportion calves observed that year. This method does not require that sampling periods are contiguous or that observations are spaced evenly throughout the birth season, nor does it require that numbers (of adult females) per sample be equal (Caughley 1977) . Moreover, the estimated per cent births to date are statistically independent of each other, and neither the beginning nor the ending of the birth season requires sampling for statistically accurate estimates of the tails of the birth season (Caughley & Caughley 1974; Caughley 1977) . ) permanently marked phenology plots in the study site, adjacent to the core caribou calving area. These plots replaced those originally established and monitored by us in 1993 (Post et al. 2003) . Each year, we have monitored them with the same regularity and frequency that caribou are observed. Plots are distributed randomly among three meadows of comparable species composition, aspect and elevation within the study site; these meadows were chosen to be representative of, and adjacent to, the areas where parturient caribou are observed. Information on species composition has been published (Post et al. 2003) . All species monitored on our plots occur in the diets of caribou in the Kangerlussuaq population during the calving season ( Thing 1984; Post et al. 2003 ).
On each visit to the phenology plots, we record the names and numbers of plant species emergent in each plot. For analytical purposes, owing to differences in numbers of species present among plots, daily numbers of species emergent are transformed to daily proportions of the final number of species emergent in each plot. Using the final number of species emergent in each plot at the end of monitoring, we can back-calculate the percentage of this final number in an emergent state on each day of observation prior to the last day of monitoring. This is comparable to the method used for estimating daily per cent births for caribou (equation (2.1)).
(c) Quantifying trophic mismatch Our index of the degree of trophic mismatch each year is based on the percentage of forage species emergent on the date at which 50% of caribou births have occurred. This index quantifies the temporal state of the forage resource midway through the season of caribou births. We considered using an index of trophic mismatch defined as the percentage of forage species emergent on the date at which 5% of births have occurred, which would quantify the temporal state of the forage resource at the onset of the season of caribou births. However, in some years, our observations of plant phenology were sparse at the beginning of the growing season, and we were concerned about the bias inherent to nonlinear-based estimation of values at the tails of a distribution of observed values (Rachlow & Bowyer 1991) . Nonetheless, the index of trophic mismatch we used, that was based on the state of plant phenology on the date of 50% caribou births, correlated closely with the index of trophic mismatch we did not use, that was based on the state of plant phenology on the date of 5% caribou births (rZ0.93).
In a simple sense, the more species that have already emerged by the midpoint of the birth season, the greater is the extent to which caribou calving has lagged behind plant phenology, and the greater the trophic mismatch. Conversely, the fewer species that have emerged by the midpoint of the caribou birth season, the more closely caribou calving 'matches' plant phenology, and the lower the trophic mismatch. This index is also closely and inversely related to the correlation between per cent caribou births and per cent of forage species emergent (rZK0.74). The correlation between daily per cent births and daily per cent of forage species emergent could also have been used as an index of how closely caribou calving tracks plant phenology each year, but it presents the disadvantage of not allowing us to determine whether a poor correlation indicates that caribou calving precedes emergence of most forage species or lags behind their emergence. Therefore, we used the index that quantifies the temporal state of forage resources midway through the season of births.
To use this approach, we first quantified the relationship between per cent births and per cent of forage species emergent for each year. Because this relationship is approximately sigmoidal, we used the following nonlinear regression model:
in which Y and X are per cent births and per cent species emergent, respectively ( Thing 1984; Post & Klein 1999; Post et al. 2003) . Percent births were estimated from proportions of calves observed each day (figure 1b) on the basis of Caughley's Indirect Method as described above (Caughley 1977) . Coefficients (a and b) from equation (2.2) were then used to estimate the degree of trophic mismatch each year as per cent of births at the date of 50% emergence of forage species.
(d) Relating caribou calf production and survival to trophic mismatch Offspring production by caribou was quantified in two ways: as the maximum proportion calves observed each year (PC max ); and as the final proportion calves observed each year (PC final ), presumably after most early calf mortality has occurred (Adams et al. 1995) . Annual early calf mortality (i.e. mortality occurring during the season of parturition) was then quantified as the difference between PC max and PC final . In our analysis of the influence of trophic mismatch on caribou calf survival, however, we used an index of calf mortality scaled to calf production each year termed 'relative calf mortality', M r , estimated as temperature (the mean of temperature for the period MarchMay) and total spring precipitation (the total of precipitation for the period March-May). Weather data were obtained from the station maintained in Kangerlussuaq by the Danish Meteorological Institute. Although we recognize that temperature and precipitation probably interact to influence plant phenology and thereby trophic mismatch, the low number of years of data we have did not lend themselves to multiple regression analyses. Therefore, we report our results as simple linear correlations.
RESULTS AND DISCUSSION
Over the course of the study, the mean (G1 s.d.) date of onset of the plant-growing season (the date of emergence of 5% of species) was 22 May ( Julian day 142; G8.9 days), whereas the mean date of onset of the caribou calving season (the date of 5% births) was 3 June ( Julian day 154; G3.6 days; figure 1 pO0.50) . Taken together, these results suggest that caribou display less interannual variability in the timing of their reproductive cycle than do the forage plants upon which they depend for offspring provisioning at the period of peak resource demand. They furthermore indicate a rapidly developing mismatch between caribou reproduction and the timing of availability of their forage (figure 2). Among years, the timing of onset of the plantgrowing season was most closely related to mean April temperature (rZK0.57; pZ0.20). Timing of onset of caribou calving displayed its strongest correlation to mean spring (March-May) temperature (rZK0.71; pZ0.12). Onset of calving was not, however, closely correlated with that of the plant-growing season (rZ0.04; pO0.50), presumably because, as noted above, the onset of plant growth was considerably more variable among years than was the onset of calving (figure 1). Mean spring temperature, over the course of the study, increased by 4.638C, though the correlation with 'year' is only marginally significant (rZ0.52, pZ0.058). We assume that the poor correlation of onset of the growing season with any of our abiotic predictors may be explained by either or both of the following factors. First, because our sampling did not begin early enough to record observations of 0 species emergent (figure 1a), our nonlinear regression estimates of the beginning of the growing season each year are less precise than those of the onset of calving ( figure 1b) . Second, as in other parts of the Arctic, onset of the plant-growing season may be determined by the combined influences of temperature and snow cover (Høye et al. 2007 ), and our sample was too small to justify multiple regression analysis.
The progression of the plant-growing season was closely related to its onset, as the date of emergence of 50% of forage species was highly positively correlated with the date of emergence of 5% of species (rZ0.84, p!0.05). Hence, warm springs were followed by early onset and rapid progression of the plant-growing season. In turn, a more rapid progression of the plant-growing season led to greater trophic mismatch between caribou calving and plant phenology (rZK0.77, pZ0.07): the per cent of forage species emergent at the date of 50% births was nearly twice as great in the earliest and most rapid spring than in the latest and most gradual spring ( figure 3a) .
Early caribou calf mortality was closely related to the degree of trophic mismatch around the time of calving (rZ0.70, pZ0.12). Calf mortality varied sevenfold between the lowest and highest degrees of trophic mismatch observed (figure 3b). Accordingly, calf production declined with increasing trophic mismatch (rZK0.89, p!0.02), varying fourfold between the lowest and highest levels of trophic mismatch observed (figure 3c).
For animals inhabiting seasonal environments, successful reproduction depends on synchronizing offspring production with the time of year when resources are most abundant or of highest quality. In the far north, nutritional content and digestibility of plants reach a peak soon after emergence and decline rapidly thereafter (Klein 1990; Albon & Langvatn 1992) . Hence, timing of parturition by caribou and wild reindeer (also R. tarandus) is closely linked to the start of the plant-growing season (Post & Klein 1999; Post et al. 2003) . The extent to which onset of parturition in caribou-or in any northern herbivore-can track shifts in plant phenology induced by climatic warming is therefore a key question. While gestation length is fixed at approximately 240 days for this species (Leader-Williams 1988) and the annual reproductive cycle is entrained by seasonal changes in day length (Lincoln & Short 1980) , there is some indication that caribou might be able to adjust the timing of their annual reproductive cycle to match, to some extent, changes in plant phenology. For instance, geographical variation in onset and peak of calving among populations of caribou and wild reindeer correlates closely with geographical variation in the timing of the plant-growing season among the areas inhabited by those populations (Skogland 1989) . As well, Norwegian reindeer introduced to the subAntarctic island of South Georgia completely reversed their annual reproductive cycle by six months within 2 years of introduction, although it would seem this reversal was ultimately driven by the seasonal reversal of day length variation from the Northern to Southern Hemisphere (Leader-Williams 1988) .
Of key importance to caribou in this population, however, is the rate at which plant phenology will advance with further changes in spring temperature. Our results indicate that, whereas onset of plant growth is highly variable among years, onset of parturition by caribou is not (figures 1 and 2) . This would suggest a 'bet-hedging' strategy in caribou of timing parturition to coincide with a long-term average onset of favourable conditions. Over the course of our study, an advance in the onset and progression of the plantgrowing season by approximately two weeks precipitated an increase in calf mortality and fourfold decline in calf production ( figure 3 ). This two-week advance in plant phenology corresponded to an increase in average spring (March-May) temperature of 4.638C in our study site over the same period (figure 2). With a further 3-58C increase in warming expected throughout the Arctic (Maxwell 1997) , the extent to which plant phenology will further advance is critically important to the future reproductive success of caribou in this population. The results of a warming experiment we conducted at the same study site indicated that an increase of 48C advanced phenology of key species, used by caribou at the time of calving, by up to 10 days (Post et al. in press, submitted) .
To our knowledge, our results are the first such documentation of a developing trophic mismatch in an Arctic mammal and its consequences for offspring production. While the patterns are clear, our analyses are, in some cases, hampered by low sample sizes. Therefore, our results cannot be considered conclusive. Nonetheless, they corroborate results from betterstudied systems with longer-term data documenting the implications of climate change for trophic mismatch in aquatic and marine systems (Edwards & Richardson 2004; Winder & Schindler 2004) , and of consequences of trophic mismatch for reproductive success and population dynamics in migratory birds. By far, the best studied of such systems is that of insectivorous birds including great tits (Parus major) and pied flycatchers (F. hypoleuca) in The Netherlands. Insectivorous birds should be especially susceptible to trophic mismatch due to climate change because emergence of their forage species in spring habitats is cued by local temperatures, whereas spring migration by passerines is cued by changes in day length. Great tits, for example, have been shown to suffer mistimed reproduction as climatic warming has advanced the appearance of invertebrate prey but not the timing of their own offspring production ( Visser et al. 1998) . In pied flycatchers nesting in The Netherlands, the timing of spring arrival on nesting grounds has not advanced in association with warming over the past two decades, whereas timing of egg laying has advanced due to selection pressure on offspring provisioning (Both & Visser 2001) . Nonetheless, the advance in laying date has not kept pace with the advance of emergence of key forage species of invertebrates, and the magnitude of decline in several Dutch populations matches the extent of the temporal mismatch between caterpillar emergence and nestling production (Both et al. 2006 ). The example of population declines in pied flycatchers illustrates the consequences of mistimed reproduction in migratory species that are unable to fully compensate through adjustments in their reproductive phenology for climate-driven changes in the timing of availability of resources. We might expect intense selection for earlier reproduction in caribou and other Arctic herbivores if further climatic warming and greater trophic mismatch reduce reproductive success. Some of the female reindeer introduced to the island of South Georgia, for instance, were pregnant and produced offspring in their first May on the island; their calves, however, died because their birth coincided with the onset of winter on the island (Leader-Williams 1988) . Nonetheless, those same females eventually adjusted their reproductive cycles to coincide with the sub-Antarctic seasons, and reindeer persist there today (Leader-Williams 1988) . We suggest, however, that the role of trophic mismatch in reproductive success and population dynamics of this and other Arctic species warrants urgent attention.
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